Improved (I) mode operation maintains the beneficial high energy confinement of high (H) mode while also providing natural fueling to compensate for impurity removal. We show outward collisional radial impurity flux is the robust distinguishing characteristic between I-mode and H-mode, rather than the turbulent weakly coherent mode that is sometimes undetected, perhaps due to its strong spatial localization. In both regimes the E × B flow shear observed may break up eddies to reduce the turbulence level, leading to good bulk energy confinement.
I. INTRODUCTION
A key experimental discovery towards making clean, safe and unlimited fusion energy economically competitive took place 35 years ago [1] . It was observed that the power produced by a given reactor could suddenly be almost doubled at a constant input power. This high confinement mode (H-mode) operation was characterized by both higher energy and impurity particle confinement than exhibited by the low confinement mode (L-mode) regime.
A summary of the progress made towards a theoretical understanding of the physics behind the L-H transition, that could lead to even further improvements of fusion power plant performance, can be found in several review papers [2] [3] [4] [5] . Briefly, the radial electric field was predicted [6] to have an important role in this transition. In the L-phase, the radial electric field is flat and weakly negative. Its radial profile is measured to become significantly negative at the transition, before the electron temperature and density appreciably change [7] . Finally, while a transport barrier in temperature and density suddenly forms, the radial electric field may continue to evolve [7] [8] [9] . As a result, the radial electric field becomes more negative in H-mode; especially in the pedestal, the region near but still inside the separatrix. The development of the radial electric field has even been observed in stellarators [10] [11] [12] as well as in tokamaks.
During the L-H transition, the level of turbulence was measured to drop sharply [13] at the pedestal and the turbulent particle flux observed to collapse ( Figure 7 of [14] ). Turbulence stabilization by sheared flows was expected [15] , proposed [16] and experimentally confirmed [17] . The sheared E × B flow leads to the break up of turbulent eddies in the pedestal. Indeed, the lower amplitude of the turbulence may be only large enough to affect heat transport and other higher order phenomena in a poloidal Larmor radius expansion. Neoclassical collisional theory is normally assumed [18] [19] [20] [21] [22] [23] [24] [25] to properly explain lower order phenomena, such as flows.
The high energy confinement of the H-mode is extremely beneficial to the commercialisation of fusion en- * sesp@mit.edu, espinosa@psfc.mit.edu ergy. Nevertheless, the high impurity confinement can lead to large radiative energy losses [26] that compromise the performance of high charge number metal wall tokamaks, such as Alcator C-Mod [27] , ASDEX-Upgrade [28] and JET ITER-Like Wall [29] [30] [31] .
Less than a decade ago, an improved confinement mode (I-mode) was experimentally observed at Alcator C-Mod [32] , with high energy confinement but somewhat lower impurity confinement. I-mode is not only a breakthrough solution to the core high charge number impurity accumulation challenge, but it also may successfully prevent plasma dilution by eliminating ash from the core. A radial electric field well of similar depth and slightly larger width than for H-mode has been measured [33] for I-mode, where the shear of both the radial electric field and the poloidal flow is stronger close to the separatrix.
The presence of a weakly coherent mode in I-mode was originally proposed [32] as a method to distinguish it from the H-mode. Nonetheless, modes exhibiting the same characteristics as an I-mode with high energy confinement and low particle confinement but without the detection of the weakly coherent mode have been observed, perhaps due to its extreme spatial localization. As a consequence, a reliable criteria to distinguish I-mode from H-mode would be beneficial. Most importantly, a better understanding and control of the physical phenomena responsible for impurity removal in I-mode may lead tokamak design to further improvements in fusion performance.
Recently, the first method to measure the neoclassical radial impurity flux directly from available diagnostics, such as charge exchange recombination spectroscopy and Thomson scattering, was proposed [24, 25] . One of its main advantages is that it bypasses the computationally demanding kinetic calculation of the full bulk ion response. The method was originally formulated at large aspect ratio and low flows, with clear insight regarding practical techniques to actively reduce impurity accumulation, if not prevent it completely while providing free fueling [24] . It was then systematized and generalized to allow for large flows with an arbitrary poloidal electric field for general geometry [25] . This procedure also allows the inclusion of ICRF minority heating and toroidal rotation effects that can be used to actively and favorably modify the radial impurity flux to prevent impurity accumulation.
In this paper, the direction of the neoclassical radial impurity flux in I-mode is evaluated with experimental data [32] [33] [34] . An inward neoclassical radial impurity flux would make the weakly coherent mode solely responsible for pushing impurities out. However, we find that the neoclassical theory correctly predicts an outward radial impurity flux, without the need of invoking anomalous mechanisms. Furthermore, we propose a new criteria to distinguish H-mode and I-mode based on the direction of the neoclassical radial impurity flux, being inwards for the former and outwards for the latter. The presence of strong E × B shear may explain the high energy accumulation observed in both modes, due to the decorrelation of the turbulence and its reduction.
II. NEOCLASSICAL RADIAL IMPURITY FLUX
The plasma is taken to be composed of MaxwellBoltzmann banana regime electrons (subscript e) and main ions (i), together with a collisional highly-charged non-trace impurity (z) [24] . Each species has density n, temperature T , pressure p = nT , mass M , charge z, mean flow V and particle flux, Γ = nV. Toroidal flows are allowed to be on the order of the thermal impurity flow. Finally, the influence of a poloidally varying effects due to ICRH fast minority ions or impurity seeding is included, as in [23] , by allowing an arbitrary poloidal electric field that is large enough to affect the parallel impurity dynamics.
The neoclassical pedestal radial impurity flux in general geometry can be expressed as a function of available measurements as [25] 
where I = RB t , with R the major radius and B t the toroidal component of the magnetic field B. The poloidal angle and magnetic flux are denoted by θ and 2πψ, the speed of light by c and the magnitude of the electron charge by e. The flux surface average of a quantity Q is defined as
where ϑ is a modified poloidal angle coordinate, satisfying
B·∇θ . In the following dimensionless flux functions appearing on the right hand side of (1),
and
the positive flux function ξ indicates the importance of collisions, 0
Here is the inverse aspect ratio, ν iz the collisional frequency of background ions with impurities [24] , ρ pi the main ion poloidal Larmor radius, and λ z the impurity mean free path taking into account both like and unlike collisions.
The two asymmetry factors in (1),
depend on the poloidal variation of the dimensionless impurity density, n = nz nz , with respect to that of the square of the normalized magnetic field,
III. RADIAL FLUX DIRECTION IN I-MODE
In this section, the sign of each of the radial impurity flux components is determined from illustrative I-mode experimental measurements. A summary of the signs of each of the terms in (1) is provided in Table I , together with the measurements leading to these conclusions.
First, the sign of g in (2) depends on the relative slope of the main ion density and temperature profiles, which can be estimated [24] by using those of the electrons and impurities, respectively, as measured by Thomson scattering and charge-exchange spectroscopy. The availability of an extensive Thomson scattering database [32] for the electron density and temperature profiles, normally assumed to be of the same order as the bulk ion temperature [18] [19] [20] [21] [22] [23] [24] [25] , is used here to estimate g. Perhaps in the future the insightful radial impurity flux measuring technique proposed in [24, 25] will encourage an extension of the impurity temperature database by using charge exchange recombination spectroscopy to better advantage. A bulk ion temperature profile more than twice as steep as the density profile is needed for g to be nega-
As illustrated in Fig. 3 in [32] , the I-mode generally displays a similar electron temperature gradient and a weaker electron density gradient than the H-mode. Furthermore, the I-mode is characterised by a stronger temperature gradient than L-mode for a similar density gradient, as also shown on Fig. 1 in [35] . This translates into I-mode generally having a significantly smaller g than H-mode and L-mode.
After analyzing the Alcator C-Mod Thomson scattering data (Fig. 13 of [32] ), with B×∇B away from the Xpoint; it was observed that more than 97% of the roughly one hundred I-modes under study exhibited a negative g. We will highlight shot number 1120921026,for which charge spectroscopy data is available [33, 34] . For this shot, g is negative as it is in the majority of I-mode discharges.
Second, the sign of k (3) is shown to be related to the poloidal (p) impurity flow direction, obtainable via change-exchange recombination spectroscopy. The database for charge-exchange spectroscopy I-mode data is sparse. Here we use the shot 1120921026 for illustrative purposes because a complete data set has been published [33, 34] . Close to the separatrix, the poloidal flow is in the direction opposite to the magnetic field and hence k < 0 (Fig. 8 of [33] and Fig. 4.8 in [36] ). Due to the poloidal field reversal in I-mode, this behaviour is expected to be typical.
Third, note that the second terms of A in (4) and A in (5) are always negative. However, the sign of the first terms depends on the poloidal variation of the impurity density, which can be measured via charge-exchange recombination spectroscopy [37] [38] [39] , with respect to that of the known magnetic field squared. The low and high field side midplane diagnostics on Alcator C-Mod detect a larger boron density on the outboard than on the inboard side for I-mode shot 1120921026 (Fig. 18 of [34] ). Based on these measurements, the quantity that is flux surface averaged in both first terms of A and A, (n − 1) b 2 − 1 , is also negative.
When considering for illustrative purposes a first-order cosinusoidal profile for the dimensionless magnetic field, b 2 = 1 − 2 cos ϑ, and a first-order Fourier profile for the dimensionless impurity density, n = 1+n c cos ϑ+n s sin ϑ; the asymmetry factors [23] are negative for outboard (n c > 0) impurity accumulation,
to second-order accuracy.
In conclusion, both terms of the neoclassical radial impurity flux in (1) are positive and thus outwards in Imode, as indicated by the signs of each of its components as summarized in the last column of Table I. While the impurities go outward in I-mode, the main ions that fuel the plasma must go inward to preserve ambipolarity,
z n z is traditionally assumed [18] [19] [20] [21] [22] [23] to make the algebra traceable, no substantial build up on I-mode electron density may be observed for a significant amount of impurities satisfying z i n i ∼ z z n z . This is because the impurity removal may counteract the increase in the electron density in the quasineutrality equation, n e = z i n i + z z n z , due to natural fueling.
The rotational effects included in the model in [25] make it possible for both terms to be simultaneously outwards for low field side impurity accumulation even in the large aspect ratio limit, in contrast to [24] . For instance, when considering the illustrative profiles used to derive (6) and (7) with adiabatic background responses (Eq. (15) in [25] ) and an impurity toroidal rotation with Mach number M 2 = M 2 0 (1 + 2 cos ϑ) ∼ 1, the linearized parallel momentum equation can be solved (Sec. IVA of [21] ) to obtain
Here the large aspect ratio limit of Eq. (9) in [25] has been used and the effective charge of impurities is given by
Ti ziTe
1.
From (8) , it can be observed that both g and k can have the same sign for low field side impurity accumulation (n c > 0) as observed in I-mode due to the presence of toroidal rotation satisfying M 2 0 (1 + α) > gk. Recall that the magnitude of g in (2) becomes smaller as the impurity temperature profile gets closer to be twice as steep as the electron density, making it easier for the Mach number to compete with g in (8) . As both A and A are expected to be negative for outboard impurity accumulation, both terms of the radial impurity flow in (1) can thus be simultaneously outwards as desired for I-mode operation.
IV. INSIGHT INTO I-MODE EXPLANATION
In this section, the explanation of impurity removal in I-mode [32] and the identification criteria are discussed. Fresh insight into particle and energy confinement in Imode is deduced here, based on recent experimental data and the radial impurity flux measuring method presented in previous sections. These observations along with our deeper theoretical understanding lead to the proposal of a new robust criteria to distinguish I-mode from H-mode.
I-mode operation was originally believed to be associated with impurities being removed by turbulence. It was suggested that the I-mode could be identified via multifrequency reflectometry detection of a weakly coherent mode in the pedestal [32] . Based on this explanation, the neoclassical radial impurity flux can be inwards in Imode, with turbulence being solely responsible for transporting impurity outwards. However, we have shown here that outward neoclassical impurity flux and inward fueling occurs for I-mode, without the need of invoking any anomalous transport mechanism. Our explanation allows I-mode operation with impurity removal and good energy confinement to occur when the weakly coherent mode is not detected in agreement with observations.
The fact the neoclassical theory can correctly predict the direction of the flows in I-mode is in one way similar to the H-mode scenario. Turbulent eddies can be broken up and reduced in size by E × B shear. The large negative radial electric field observed in all I-modes pedestals investigated by charge exchange spectroscopy, becomes more strongly sheared close to the separatrix (see Fig. 4 in [33] ). Consequently, the good energy confinement observed in both H and I-mode may be due to the sheared E × B flow decorrelation of the turbulence.
To distinguish between I-mode and H-mode operation we propose a new criteria based on the radial impurity flux direction. We sharpen the distinction between these two operating regimes by taking advantage of the radial impurity flux measuring method first proposed for H-mode in [24, 25] and here extended to include Imode. Our new criteria is based on the radial flux direction, and consistent with experimental observations of the key physical characteristics of these confinement modes. Specifically, we find that I-mode and H-mode can be identified by having an outward and inward neoclassical radial impurity flux, respectively. Our explanation suggests that carefully controlling the profiles in the pedestal will allow fusion relevant tokamaks to take full advantage of the desirable features of I-mode operation such as reduced heat transport, and impurity removal resulting in efficient natural fueling.
